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A high-modulation-efficiency optical modulator integrated on silicon (Si) is a key 
enabler for low-power and high-capacity optical interconnects1–8. However, Si-based 
optical modulators suffer from low phase modulation efficiency owing to the weak 
plasma dispersion effect in Si. Therefore, it is essential to find a novel modulation 
scheme that is compatible with a Si photonics platform. Here, we demonstrate an 
InGaAsP/Si hybrid metal-oxide-semiconductor (MOS) optical modulator with a 
Mach–Zehnder interferometer (MZI) formed by direct wafer bonding with an Al2O3 
bonding interface9. Electron accumulation at the InGaAsP MOS interface enables 
the extraction of the electron-induced refractive index change in InGaAsP, which is 
significantly greater than that in Si10,11. The presented modulator exhibits a phase 
modulation efficiency of 0.047 Vcm, which is approximately 5 times higher than that 
of Si MOS optical modulators12–18. This approach provides a new efficient scheme of 
phase modulation on a Si photonics platform for low-power, high-speed, and high-
density optical links. 
Si photonics is a promising solution for low-power and large-capacity optical 
communication19–21. In particular, Si optical modulators are essential components for 
converting electrical signals into optical signals1. To achieve optical phase modulation in 
Si, the free-carrier plasma dispersion effect in Si is a major scheme22. Si optical 
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modulators rely on device configurations consisting of pn junctions23–26, pin junctions27–
29, and metal-oxide-semiconductor (MOS) junctions12–18 to obtain optical phase 
modulation through modulation of the carrier density by an electrical signal. Among these 
configurations, carrier accumulation in an MOS junction consisting of a polycrystalline 
Si (poly-Si)/SiO2/Si gate stack exhibits the highest phase modulation efficiency with a 
voltage–length product VL as small as 0.2 Vcm14,15. Thinning a gate oxide thickness is 
helpful for accumulating more carriers at the same gate voltage, improving the phase 
modulation efficiency. However, an unavoidable increase in the capacitance of the MOS 
junction degrades the modulation bandwidth, even though a modulation bandwidth of 40 
Gbps has been reported15. Hence, it is essential for this inherent trade-off relationship 
between modulation efficiency and modulation bandwidth to be improved for MOS 
optical modulators. To overcome the trade-off relationship imposed by the plasma 
dispersion effect of Si, we focus on using indium gallium arsenide phosphide (InGaAsP) 
lattice-matched to indium phosphide (InP), which has a large electron-induced refractive 
index change. To introduce InGaAsP into a Si photonics platform, we have proposed a Si 
hybrid platform for an MOS optical modulator using direct wafer bonding with high-k 
dielectrics9,30. Recently, a microring tunable laser with an InP/Si hybrid MOS structure 
using direct wafer bonding has been reported31, for which direct wavelength tuning was 
achieved by accumulated carriers at the InP/Al2O3/Si MOS structure
31, suggesting the 
usefulness of a Si hybrid MOS structure in optical modulation. However, the phase 
modulation efficiency has not yet been clarified for the case that a Si hybrid MOS 
structure is used with a Mach–Zehnder interferometer (MZI) configuration to build an 
optical modulator.  
In this study, we investigated an MZI optical modulator with an InGaAsP/Si hybrid 
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MOS phase shifter as shown in Fig. 1a. Thin III-V layers containing an InGaAsP layer 
were bonded on a Si waveguide to form an InGaAsP/Al2O3/Si MOS capacitor, which 
operates as a phase shifter in an MZI interferometer. To achieve a smooth transition from 
a Si waveguide to the phase shifter, a tapered structure was exploited (Supplementary 
Section I). The cross-sectional structure of the MOS phase shifter is shown in Fig. 1b. 
The total thickness of the Si rib waveguide on the SiO2 buried oxide (BOX) was 220 nm, 
which is the standard thickness of a Si photonics platform operating at a 1.55 m 
wavelength. To form the taper, the width of the Si waveguide was designed to be 1 m. 
A 110-nm-thick n-type InGaAsP layer with a 50-nm-thick InP layer was bonded on the 
Si waveguide with an Al2O3 bonding interface, which also acts as a gate oxide. The mode 
profile of the fundamental transverse-electric (TE) mode is overlaid in Fig. 1b. Note that 
the thin III-V layers contribute to the enhancement in the optical confinement around the 
bonding interface, resulting in further improvement in the phase modulation efficiency 
(Supplementary Section II). When a gate voltage is applied between the n-type InGaAsP 
and p-type Si layers, electrons accumulate at the InGaAsP interface, which contributes to 
optical phase modulation. The equivalent oxide thickness (EOT) of the Al2O3 gate oxide, 
which is the equivalent SiO2 thickness producing the same gate capacitance, was assumed 
to be 5 nm in the following numerical analyses. It is worth noting that the presented hybrid 
MOS structure also enables low series resistance and low optical loss by replacing poly-
Si with high-electron-mobility crystalline InGaAsP. The low series resistance reduces the 
resistive-capacitance delay, improving the modulation bandwidth (Supplementary 
Section III). Hence, an InGaAsP/Si hybrid MOS optical modulator can simultaneously 
achieve high a modulation efficiency, low insertion loss, and high modulation bandwidth. 
To estimate the modulation efficiency of an InGaAsP/Si hybrid MOS optical modulator, 
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the carrier-induced changes in the refractive index and absorption of InGaAsP10,11 were 
calculated (for details see Supplementary Section IV). Since the plasma dispersion effect 
is inversely proportional to the effective mass according to the Drude model, the light 
electron effective mass in InGaAsP results in a greater change in the refractive index 
change than that in Si. Additionally, in contrast to Si, the band-filling effect and bandgap 
shrinkage contribute to the free-carrier-induced changes in the refractive index and 
absorption of n-type InGaAsP10,11,32. By changing the stoichiometry of InGaAsP, we can 
tune its optical and electrical properties while keeping its lattice constant matched to that 
of InP33–35. Generally speaking, InGaAsP with a high As composition has large carrier-
induced effects, while its bandgap is narrowed; thus, we have to determine the As 
composition to maximize the carrier-induced effects without band-edge absorption at a 
1.55 m wavelength. Thus, we chose In0.68Ga0.32As0.7P0.3, whose bandgap energy was 
0.91 eV (g = 1.37 m). By taking into account the plasma dispersion effect, band-filling 
effect, and bandgap shrinkage, we calculated the electron-induced changes in the 
refractive index and absorption of InGaAsP as shown in Figs. 2a and 2b, respectively (for 
details see Supplementary Fig. S7). In addition to Si as a reference, we also calculated the 
free-carrier effects in InP. As shown in Fig. 2a, InGaAsP exhibited a greater electron-
induced refractive index change than Si and InP. Owing to the band-filling effect, the 
electron-induced refractive index change was not linear to the electron density (See 
Supplementary Fig. S7a). When the electron density was around 2 × 1018 cm-3, the 
refractive index change of InGaAsP was 17 times greater than that of Si. Since InGaAsP 
has a lighter electron effective mass than InP, the refractive index change in InGaAsP is 
expected to be greater than that in InP. Meanwhile, the electron-induced absorption 
change of InGaAsP was approximately half of that of Si because of the light electron 
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effective mass and high electron mobility in InGaAsP, as shown in Fig. 2b. Although 
hole-induced absorption in InGaAsP due to the inter-valence band absorption was 
significantly greater than that in Si (Supplementary Fig. S8b), the n-InGaAsP/p-Si hybrid 
MOS phase shifter did not induce holes in the InGaAsP layer, enabling a large phase shift 
with a small absorption change. Thus, the InGaAsP/Si hybrid MOS phase shifter is 
suitable for not only optical modulators but also low-crosstalk optical switches36 (See also 
Supplementary Fig. S9). 
Using the calculated free-carrier effects in InGaAsP (Figs. 2a and 2b), the phase 
modulation efficiency of an InGaAsP/Si hybrid MOS optical modulator was numerically 
analyzed (for details see Supplementary Section V). The impurity concentration of each 
semiconductor was assumed to be 1018 cm-3. Figure 2c shows the changes in the effective 
refractive index of InGaAsP/Si, InP/Si hybrid, and Si MOS phase shifters. As shown in 
Fig. 2c, the InGaAsP device exhibited an approximately two times and eight times larger 
refractive index change than the InP and Si devices, respectively. We also calculated the 
voltage–length product VπL of the InGaAsP/Si hybrid MOS optical modulator and its 
carrier-induced loss as a function of the gate voltage Vg, as shown in Fig. 2d. The expected 
VπL at Vg of 1 V was 0.051 Vcm, which was approximately 6 times lower than that of a 
reported Si MOS optical modulator with the same EOT of 5 nm17. From the results in Fig. 
2d, the insertion loss at 0 V was 2.3 dB/mm and the attenuation increase at 1 V was 0.45 
dB/mm. From these results, VπL, which is the product of the propagation loss per unit 
length  and VL, was estimated to be 1.2 dBV, which was significantly smaller than the 
reported values of 7 dBV for a Si MOS optical modulator18, 9.5 dBV for a pin-junction 
optical modulator29, and 25.4 dBV for a pn-junction optical modulator23. Since there is a 
trade-off relationship between the modulation efficiency and optical loss in Si-based 
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optical modulators, the improvement in VπL by the InGaAsP/Si hybrid MOS phase 
shifter is essential for high-efficiency and low-loss optical modulators.  
To demonstrate the expected high-efficiency phase modulation with low insertion loss, 
we fabricated an InGaAsP/Si hybrid MOS optical modulator with an MZI using void-free 
wafer bonding with an Al2O3 bonding interface (see Supplementary Section VI)
9. Figure 
3a is a plan-view scanning electron microscope image of the hybrid MOS phase shifter 
and Si waveguide with a 3 dB coupler. The taper structure can be clearly observed in the 
inset of Fig. 3a. A cross-sectional transmission electron microscope image of the wafer-
bonded InGaAsP/Si hybrid MOS phase shifter is shown in Fig. 3b. The III-V layer was 
uniformly bonded on Si with the Al2O3 gate oxide as shown in the inset of Fig. 3b. First, 
we evaluated the electrical properties of the wafer-bonded InGaAsP/Al2O3/Si hybrid 
MOS capacitor, which are important for achieving efficient phase modulation. The 
capacitance–voltage (C–V) characteristic of the hybrid MOS capacitor in Fig. 3c showed 
a change in capacitance due to carrier depletion with no frequency dispersion from 10 
kHz to 1 MHz, indicating superior MOS interfacial quality. From the accumulated 
capacitance, the EOT of the wafer-bonded capacitor was extracted to be 5.6 nm. Then, 
we evaluated the phase modulation of the InGaAsP/Si hybrid MOS phase shifter by 
employing an asymmetric MZI with a 20 m difference in the optical path length between 
the two MZI arms. Figure 3d shows the transmission spectra of the InGaAsP/Si hybrid 
MOS optical modulator with an asymmetric MZI. The phase shifter length (L) was 500 
m. When the gate voltage was increased from 0 to 0.8 V, a shift of the resonance 
wavelength peak of 13.6 nm, which was associated with a phase shift, was observed as 
shown in Fig. 3d. From the shift of the peak wavelength in Fig. 3d, the phase shift was 
extracted as shown in Fig. 3e. The phase shift increased linearly with gate voltage because 
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of the carrier accumulation of the MOS capacitor. From the slope in Fig. 3e, the gate 
voltage for a  phase shift (Vπ) was found to be 0.86 V, resulting in a voltage–length 
product (VπL) of 0.047 Vcm, which was in good agreement with the simulation result. 
Figure 3f shows the increase in attenuation with the gate voltage obtained by 
measurement (see Supplementary Section VII). The numerical result is shown as a dashed 
line in Fig. 3f, which was in good agreement with the measurement. An extremely low 
attenuation increase of 0.23 dB was estimated when  phase shift was induced, while the 
attenuation increase at π phase shift of Si MOS optical modulator is over 2.3 dB15. Thus, 
we successfully demonstrated an extremely high-efficient phase modulation with a low 
change in attenuation using an InGaAsP/Si hybrid MOS phase shifter. 
Figure 4a shows the benchmark voltage–length product (VL) of MOS optical 
modulators as a function of EOT. Thanks to the large electron-induced refractive index 
change in InGaAsP, the InGaAsP/Si hybrid MOS optical modulator exhibited at least 5 
times lower VL than that of a Si MOS optical modulator with the same EOT16. This 
means that the phase modulation efficiency can be improved without an increase in the 
gate capacitance by EOT scaling. Thus, the trade-off relationship between the phase 
modulation efficiency and the modulation bandwidth of MOS optical modulators can be 
essentially improved by introducing the InGaAsP/Si hybrid MOS phase shifter into a Si 
photonics platform. The modulation bandwidth, which is limited by the resistive-
capacitance delay, is expected to be further improved by reducing the series resistance. 
Owing to the high electron mobility in InGaAsP, n-type InGaAsP has more than 32 times 
lower resistivity than n-type Si with the same doping concentration (Supplementary 
Section III), enabling a modulation bandwidth of more than 50 Gbps with better 
modulation efficiency than that of state-of-the-art Si MOS optical modulators14,15.  
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The optical insertion loss can also be reduced by replacing n-type poly-Si with n-type 
crystalline InGaAsP. Si MOS optical modulators12–18 typically use poly-Si with a doping 
concentration as high as 1018 cm-3 to reduce the series resistance for achieving a 
modulation bandwidth over 25 Gbps14,15,17,18, causing a high propagation loss due to free-
carrier absorption. Furthermore, the scattering at grain boundaries in poly-Si results in a 
propagation loss of more than 1.0 dB/mm17. Figure 4b shows the relationship between 
VL and propagation loss. The simulated results are shown as dashed lines, which are in 
good agreement with the experimental results (see also Supplementary Section VII). Si 
MOS optical modulators typically exhibit a product of propagation loss and phase 
modulation efficiency (VL) of over 7 dBV18. Since the electron-induced absorption in 
InGaAsP is half of that in Si and because of its high modulation efficiency, the 
InGaAsP/Si hybrid MOS optical modulator exhibits VL of 1.4 dBV even with the same 
doping concentration of 1018 cm-3, as shown in Fig. 4b. Owing to the 10 times lower 
resistivity of InGaAsP with 1017 cm-3 doping concentration than that of Si with a doping 
concentration of 1018 cm-3 (Supplementary Section III), a further reduction of VL 
without bandwidth degradation is expected by reducing the doping concentration of 
InGaAsP. The attenuation increase at  phase shift is also an important benchmark of 
optical modulators. Figure 4c shows the attenuation increase at  phase shift of 
InGaAsP/Si hybrid and Si MOS phase shifters as a function of the phase shifter length 
for  phase shift (L). The solid line shows the numerically calculated results. Since the 
hole-induced refractive index change in Si is not proportional to the hole density22, the 
attenuation change was dependent on L. When L was 1000 m, the attenuation increase 
in the Si MOS optical modulator was approximately 2.3 dB, which degrades the optical 
modulation amplitude (OMA) as we will discuss later. In contrast, InGaAsP exhibited an 
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extremely small attenuation increase of 0.23 dB at the 500-m-long phase shifter, which 
was approximately 10 times smaller than that of the Si MOS optical modulator (for details 
see Supplementary Section VII). Furthermore, the small dependence of the attenuation 
increase of the InGaAsP/Si hybrid MOS optical modulator on L enables the 
miniaturization of the device, while the attenuation increase of the Si MOS optical 
modulator is significantly dependent on L, as shown in Fig. 4c. Thus, an InGaAsP/Si 
hybrid MOS optical modulator allows the phase modulation efficiency and insertion loss 
to be simultaneously improved, which is essential for optical modulators. 
The dynamic modulation characteristics including eye diagram of an InGaAsP/Si hybrid 
MOS optical modulator were also numerically analyzed to clarify the impact of the 
introduction of the InGaAsP/Si hybrid MOS structure on the modulation performances 
such as the modulation bandwidth, extinction ratio (ER), and OMA. To make a direct 
comparison to state-of-the-art Si MOS optical modulators, we assumed the device 
structure reported in Refs. 14 and 15 (See Figure S13). We developed the semi-analytical 
model to calculate the modulation characteristics, which enabled us to reproduce the 
modulation efficiency and bandwidth of the Si MOS optical modulator in Refs. 14 and 
15 (for details see Supplementary Section VIII). Figure 5a shows the relationships 
between the modulation efficiency and cut-off frequency of an InGaAsP/Si hybrid MOS 
optical modulator and a Si MOS optical modulator where their access resistance was 
assumed to be 4 Ωmm. The cut-off frequency was calculated from the resistive-
capacitance delay. As shown in the figure, the InGaAsP/Si hybrid MOS modulator 
exhibits simultaneously better modulation efficiency and cut-off frequency than those of 
the Si MOS modulator, meaning the improvement in the trade-off relationship between 
the modulation efficiency and bandwidth as discussed in the previous paragraph. The 
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OMA, which is defined as the optical power difference between an on and off states, is 
another figure-of-merit of optical modulators, reflecting the opening of eye diagram in 
terms of ER and insertion loss. We assumed a voltage swing of 1 V and 0 dBm input 
power for OMA calculation. To consider the modulation bandwidth simultaneously, we 
defined dynamic OMA by 
𝑂𝑀𝐴/√1 + 𝑓0
2/𝑓𝑐2,                           (1) 
where fc is the cut-off frequency of the modulation and f0 is the minimum operation 
frequency of the system, i.e. half of baud rate. Figure 5b show a comparison of the 
dynamic OMA between InGaAsP/Si MOS and Si MOS optical modulators as a function 
of EOT. The EOT should be increased to improve the modulation bandwidth, while a 
decrease in the modulation efficiency causes an increase in the length of the phase shifter. 
Thus, in case of the Si device, the dynamic OMA cannot be improved even when the EOT 
increases because an increase in the insertion loss degrades the OMA significantly. As 
shown in Fig. 5b, the dynamic OMA of the Si MOS optical modulator was worse than -
10 dBm regardless of EOT. On the other hand, the InGaAsP/Si hybrid MOS optical 
modulator exhibited much better dynamic OMA than that of the Si device. Moreover, the 
deterioration of the dynamic OMA with an increase in EOT was very gentle owing to the 
small absorption. Thus, we can achieve the dynamic OMA of approximately -2.5 dBm 
when the EOT is greater than 10 nm, meaning that the InGaAsP/Si hybrid MOS optical 
modulator is suitable for high-speed modulation. To show the impact of the dynamic 
OMA on the dynamic modulation characteristics, we simulated eye diagrams of the Si 
and III-V/Si hybrid MOS optical modulators. For the analysis, we assumed the EOT of 
14 nm which maximizes the dynamic OMA of the III-V/Si hybrid device. Figures 5c and 
5d shows eye diagrams of the Si and III-V/Si hybrid devices modulated with a 53 Gb/s 
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non-return-to-zero (NRZ) signal, respectively. The Si modulator exhibited a poor eye 
opening because of the worse OMA of -15 dBm and ER of 1.6 dB. On the other hand, the 
III-V/Si hybrid modulator exhibited a clear eye diagram with the OMA of -4.5 dBm and 
ER of 12 dB, which were significantly better than those of the Si device. The impact of 
the dynamic OMA becomes more prominent in a multi-level modulation format. Figures 
5e and 5f are eye diagrams of the Si and III-V/Si hybrid optical modulators modulated 
with a 53-Gbaud/s 4-level pulse-amplitude modulation (PAM-4), respectively. In the case 
of the Si device, the eye pattern collapsed because of its poor OMA of approximately -19 
dBm. To improve the eye opening, we should increase the input optical power, resulting 
in an increase in the power consumption significantly. On the other hand, we can achieve 
a clear eye opening with the OMA of approximately -9.5 dBm and outer ER of 13.8 dB 
by using the III-V/Si hybrid MOS structure. Thus, the III-V/Si hybrid MOS optical 
modulator is much more advantageous than the Si MOS optical modulator for high-speed 
multi-level modulation which is going to be a standard of optical interconnection. 
In conclusion, we successfully demonstrated a high-efficiency MZI optical modulator 
with an InGaAsP/Si hybrid MOS phase shifter using direct wafer bonding. We achieved 
a phase modulation efficiency of 0.047 Vcm, which is, to the best of our knowledge, one 
of the best values reported for semiconductor-based optical modulators. The presented 
modulator needs fewer charges for π phase shift than Si-based optical modulators, 
enabling low optical insertion loss simultaneously. Owing to these excellent performance, 
its dynamic OMA is also significantly improved compare to conventional Si MOS. Thus, 
the InGaAsP/Si hybrid MOS phase shifter is expected to be particularly useful for optical 
modulators with advanced modulation formats and optical switches with high modulation 
bandwidth. Since various semiconductors including SiGe, Ge, and other III-V 
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semiconductors can be integrated using the presented scheme, the hybrid MOS structures 
are expected to provide many applications for near- and mid-infrared wavelengths. 
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Fig. 1. Schematics of an InGaAsP/Si hybrid MOS optical modulator. a, 3D view of 
the phase shifter. b, Cross-sectional view of the phase shifter and its fundamental TE 
mode. The InGaAsP/InP layers are bonded on a Si waveguide. 
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Fig. 2. Numerical analysis of an InGaAsP/Si hybrid MOS optical modulator. (a) 
Electron-induced refractive index changes of InGaAsP, InP, and Si. (b) Electron-induced 
absorption changes of InGaAsP, InP, and Si. (c) Calculated effective refractive index 
change of InGaAsP/Si hybrid, InP/Si hybrid, and Si MOS optical modulators. (d) 
Simulated VπL and attenuation increase of an InGaAsP/Si hybrid MOS optical modulator 
as a function of gate voltage. 
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Fig. 3. Fabrication and measurement of an InGaAsP/Si hybrid MOS optical 
modulator. a, Scanning electron microscope image of the fabricated device. Inset: 
Enlarged view of a taper structure. b, Transmission electron microscope image of the 
fabricated device. Inset: Enlarged view of the wafer-bonded InGaAsP/Al2O3/Si MOS 
structure. c, Capacitance–voltage characteristic of the wafer-bonded InGaAsP/Al2O3/Si 
MOS capacitor. d, Transmission spectra of the asymmetric Mach–Zehnder interferometer 
with the InGaAsP/Si hybrid MOS phase shifter. e, Relationship between gate voltage and 
phase shift of an InGaAsP/Si hybrid MOS optical modulator. f, Attenuation increase of 
an InGaAsP/Si hybrid MOS phase shifter. 
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Fig. 4. Benchmarks of the modulation efficiency and loss for an InGaAsP/Si hybrid 
MOS optical modulator. a, Benchmark voltage–length product (VL) of MOS optical 
modulators as a function of EOT. b, Relationship between VL and propagation loss of 
MOS optical modulators. c, Attenuation increase at  phase shift of InGaAsP/Si hybrid 
and Si MOS phase shifters as a function of the phase shifter length (L). The dashed lines 
show simulated results and the closed circles show experimental results. The open circle 
shows an extrapolated value. 
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Fig. 5. Benchmarks of the modulation bandwidth for an InGaAsP/Si hybrid MOS 
optical modulator. a, Relationship between the modulation efficiency and cut-off 
frequency. b, Relationship between the dynamic OMA and the EOT. Eye patterns of 53-
Gb/s NRZ for (c) a Si MOS optical modulator and (d) an InGaAsP/Si hybrid MOS optical 
modulator. Eye patterns of 53-Gb/s PAM-4 for (e) a Si MOS optical modulator and (f) an 
InGaAsP/Si hybrid MOS optical modulator. 
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I. Taper structure for mode transition from Si waveguide to InGaAsP/Si hybrid 
MOS phase shifter 
 The optical modes of a Si passive waveguide and an InGaAsP/Si hybrid MOS phase 
shifter are different because the total thickness of the phase shifter is thicker than the Si 
23 
 
passive waveguide. For a smooth mode transition from the Si passive waveguide to the 
InGaAsP/Si hybrid MOS phase shifter, a suitable taper structure is required1. We designed 
III-V layers tapering on a Si waveguide. Figures S1a and S1b show the finite-difference 
time-domain (FDTD) simulation results of the mode propagation from the Si waveguide 
to the MOS phase shifter without and with an InGaAsP taper, respectively. When there 
was no taper, the multiple modes of the phase shifter were excited, resulting in increasing 
insertion loss. When the width of the 50-μm-long taper was gradually increased from 0.2 
to 1 μm, we successfully obtained a smooth mode transition as shown in Fig. S1b. 
 
 
Fig. S1. FDTD simulation of mode transition from a Si passive waveguide to an 
InGaAsP/Si hybrid MOS phase shifter. Cross-sectional views of optical confinement 
calculated by FDTD simulation (a) without and (b) with a taper structure. 
 
 This taper structure also has an InGaAsP/Si hybrid MOS junction, which also 
contributes to phase modulation; thus, to calculate the phase modulation efficiency, we 
must take the effective length of the taper into account. To calculate this effective length, 
we considered the optical confinement in the region near the MOS interface at each 
position of the taper, which determined the interaction between the carriers and the 
propagating light. Figure S2 shows the normalized optical intensity confined in a 3-nm-
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thick region at the InGaAsP MOS interface as a function of the propagation length (x) 
calculated by FDTD simulation. The intensity was normalized by the intensity at x of 50 
m. By integrating the normalized intensity multiplied by x, the effective taper length 
was found to be 24.4 μm. Therefore, we added this length to the length of the phase shifter 
to estimate the modulation efficiency more accurately. 
 
 
Fig. S2. Normalized optical intensity of 3-nm-thick layer at InGaAsP MOS interface. 
The optical intensity in the 3-nm-thick region at the InGaAsP MOS interface normalized 
by the intensity at x of 50 μm as a function of the propagation length x from the taper 
edge. From this result, the effective taper length was found to be 24.4 μm. 
 
II. Mode confinement of InGaAsP/Si hybrid MOS phase shifter 
In the case of conventional Si hybrid optical modulators2–4, the optical mode is not 
strongly confined because the height of the III-V layers is over 1 μm to avoid optical 
absorption caused by the top metal electrode; thus, the modulation efficiency is degraded 
owing to the weak optical confinement. We can partially mitigate this absorption by 
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inserting an InGaAsP layer. Since the refractive index of InGaAsP is higher than that of 
InP, the optical confinement in the InP/InGaAsP layers (Fig. 2b) was greater than that in 
the single InP layer (Fig. 2a). To achieve further improvement in the optical confinement, 
we propose to use thin III-V layers as shown in Fig. S3c. By forming an electrical contact 
at the side of the III-V layers, we can completely eliminate the absorption of the metal 
even with such thin III-V layers.  
 
 
Fig. S3. Optical modes of III-V/Si hybrid MOS phase shifter. a, Optical mode of 100-
nm-thick InGaAs/1.61-μm-thick InP/5-nm-thick SiO2/220-nm-thick Si structure. b, 
Optical mode of 100-nm-thick InGaAs/1.5-μm-thick InP/110-nm-thick InGaAsP/5-nm-
thick SiO2/220-nm-thick Si structure. c, Optical mode of 50-nm-thick InP/110-nm-thick 
InGaAsP/5-nm-thick SiO2/220-nm-thick Si structure. The width of the mesa structure 
was 1.0 μm. 
 
III. Resistivity reduction using crystalline n-type InGaAsP 
Since n-InGaAsP has a larger electron mobility than Si5, a reduction in resistivity is 
expected. To evaluate the resistivity of a Si-doped n-InGaAsP layer with a doping 
concentration of 1017 cm-3 and the contact resistance between Ni-InGaAsP alloy6,7 and an 
a b c
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n-InGaAsP layer, a transfer length measurement (TLM) was carried out for a wafer-
bonded n-InGaAsP layer, as shown in Fig. S4a. From the TLM result in Fig. S4b, the 
resistivity and contact resistance were extracted to be 2.7 × 10-3 Ωcm and 1.2 × 10-4 Ωcm2, 
respectively. The resistivity of the n-InGaAsP layer was 32 times lower than that of n-Si 
with the same doping concentration. This means that the modulation bandwidth, which 
was limited by the resistive-capacitance delay, can be improved by replacing the n-poly-
Si with n-InGaAsP. Since the contact resistance between the Ni-InGaAsP alloy and the n-
InGaAsP was sufficiently low, an ohmic contact to the n-InGaAsP was successfully 
formed even by a low-temperature process6,7. 
 
 
Fig. S4. TLM measurement of InGaAsP. a, Cross-sectional view of the TLM device. b, 
TLM measurement result. 
 
IV. Electron-induced changes in refractive index and absorption coefficient in  
InGaAsP 
 To analyze the characteristics of an InGaAsP/Si hybrid MOS optical modulator, the 
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carrier-induced changes in the refractive index and absorption of In1-xGaxAsyP1-y were 
calculated. In contrast to Si, in which the plasma dispersion effect and free-carrier 
absorption are dominant8, the band-filling effect, bandgap shrinkage, and inter-valence 
band absorption also contribute to the carrier-induced changes in the refractive index and 
absorption in InGaAsP9,10. 
 To estimate the optical parameters of InGaAsP, its physical parameters taken from the 
literature were used. In the case of In1-xGaxAsyP1-y lattice-matched to InP, x and y have 
the relationship11 
 𝑥 = 0.47𝑦. (1) 
 The direct band gap of InGaAsP at the Γ point is represented as12 
 𝐸𝑔 = 1.35 − 0.72𝑥 + 0.12𝑦
2 [eV]. (2) 
 The band discontinuity between InP and InGaAsP11 and the electron affinity of InP13 are 
expressed by 
 ∆𝐸𝑣 = 502y − 152𝑦
2 [𝑚𝑒𝑉], (3) 
∆𝐸𝑐 = 268y − 3𝑦
2 [𝑚𝑒𝑉], (4) 
χ𝐼𝑛𝑃 = 4.40 [eV], (5) 
where ∆𝐸𝑣  is the band offset of the valence band, ∆𝐸𝑐  is the band offset of the 
conduction band, and χ𝐼𝑛𝑃  is the electron affinity of InP. The electron affinity of 
InGaAsP can be calculated using χ𝐼𝑛𝑃 and ∆𝐸𝑐. 
 The electron and hole effective masses are14 
 𝑚𝑒 = 0.08 − 0.039𝑦 [1/𝑚0], (6) 
 𝑚ℎℎ = 0.56 − 0.22𝑦 + 0.11𝑦
2 [1/𝑚0], (7) 
 𝑚𝑙ℎ = 0.12 − 0.092𝑦 + 0.024𝑦
2 [1/𝑚0], (8) 
where 𝑚𝑒 is the electron effective mass at Γ point, 𝑚ℎℎ is the heavy-hole effective 
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mass,  𝑚𝑙ℎ is the light-hole effective mass, and 𝑚0 is the electron rest mass. Figures 
S5a and 5b show the band gap of In1-xGaxAsyP1-y lattice-matched to InP and its 
conductivity effective mass, respectively. The conductivity effective mass of electron 
𝑚𝑐𝑒 is considered to be the same as the effective mass of an electron at the Γ point. The 
conductivity effective mass of a hole 𝑚𝑐ℎ is represented as 
𝑚𝑐ℎ =
𝑚ℎℎ
1.5+𝑚𝑙ℎ
1.5
𝑚ℎℎ0.5+𝑚𝑙ℎ0.5
. (9) 
 The refractive index of InGaAsP is obtained using the model given by Adachi15. Figure 
S5c shows the relationship between the refractive index and the composition of As at a 
1.55 μm wavelength. Some of the parameters needed for the calculation were obtained 
from the appendix of Weber’s paper10. 
The electron and hole mobilities of InGaAsP were obtained by the model given by 
Sotoodeh et al.5. Figure S6 shows the estimated electron and hole mobility of InGaAsP 
for various donor and acceptor concentrations, respectively.  
 
 
Fig. S5. Physical parameters of In1-xGaxAsyP1-y lattice-matched to InP. a, Band gap 
of various III-V materials as a function of lattice constant16. b, Conductivity effective 
mass of InGaAsP14. c, Refractive index of InGaAsP at 1.55 μm15. 
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Fig. S6. Carrier mobility of InGaAsP for various impurity concentrations5. a, 
Electron mobility. b, Hole mobility. 
 
According to the Drude model, the changes in the refractive index (Δn) due to the plasma 
dispersion effect and the changes in the absorption coefficient (Δα) due to the free-carrier 
absorption are expressed by 
∆𝑛 = −
𝑒2𝜆2
8𝜋2𝑐2𝜀0𝑛
(
∆𝑁𝑒
𝑚𝑐𝑒
+
∆𝑁ℎ
𝑚𝑐ℎ
), (10) 
∆𝛼 =
𝑒3𝜆2
4𝜋2𝑐3𝜀0𝑛
(
∆𝑁𝑒
𝑚𝑐𝑒2𝜇𝑒
+
∆𝑁ℎ
𝑚𝑐ℎ2𝜇ℎ
), (11) 
where e is the elementary charge, λ is the wavelength, c is the speed of light in vacuum, 
ε0 is the permittivity in vacuum, n is the unperturbed refractive index, 𝜇𝑒 is the electron 
mobility, and 𝜇ℎ is the hole mobility. In the case of an n-type semiconductor, the effect 
of holes is negligible; thus, only the effect of electrons is considered in the equations. 
The absorption change caused by the band-filling effect and bandgap shrinkage at 
photon energy E is represented as9,10  
∆α(E) =
a b
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{
0
𝐶ℎℎ
𝐸
√𝐸 − 𝐸𝑔,𝑒𝑓𝑓[𝑓𝑣(𝐸𝑣ℎ) − 𝑓𝑐(𝐸𝑐ℎ)] +
𝐶𝑙ℎ
𝐸
√𝐸 − 𝐸𝑔,𝑒𝑓𝑓[𝑓𝑣(𝐸𝑣𝑙) − 𝑓𝑐(𝐸𝑐𝑙)]
𝐶ℎℎ
𝐸
√𝐸 − 𝐸𝑔,𝑒𝑓𝑓[𝑓𝑣(𝐸𝑣ℎ) − 𝑓𝑐(𝐸𝑐ℎ)] +
𝐶𝑙ℎ
𝐸
√𝐸 − 𝐸𝑔,𝑒𝑓𝑓[𝑓𝑣(𝐸𝑣𝑙) − 𝑓𝑐(𝐸𝑐𝑙)] − 𝛼0(𝐸)
(𝐸 < 𝐸𝑔,𝑒𝑓𝑓)
(𝐸𝑔,𝑒𝑓𝑓 ≤ 𝐸 ≤ 𝐸𝑔)
(𝐸 > 𝐸𝑔)
, (12) 
𝛼0(𝐸) =
𝐶ℎℎ
𝐸
√𝐸 − 𝐸𝑔 +
𝐶𝑙ℎ
𝐸
√𝐸 − 𝐸𝑔, (13) 
where 𝐶ℎℎ and 𝐶𝑙ℎ are proportional constants related to the density-of-states effective 
mass of heavy holes and light holes10, and 𝑓𝑣 and 𝑓𝑐 are functions of the Fermi–Dirac 
distribution for holes and electrons, respectively. 𝐸𝑣ℎ, 𝐸𝑣𝑙, 𝐸𝑐ℎ, and 𝐸𝑐𝑙 are the energy 
levels of electron or heavy (or light) holes considered to energy and momentum 
conservation, where carriers can move between the two levels by the photon energy9. 
𝐸𝑔,𝑒𝑓𝑓 is the effective band gap reduced by bandgap shrinkage, which lowers the energy 
of the conduction band edge when electrons exist at the conduction band17. The bandgap 
shrinkage is expressed by17 
 ∆𝐸𝑔 =
𝐴𝑛∗
−0.19
+𝐵𝑛∗
1/3
1+𝑛0 𝑛∗⁄
𝑚𝑒
1/2
𝜀𝑟
, (14) 
where A is 1.04 × 103, B is 2.80 × 10-7, 𝑛0 is 2.40 × 10
19, 𝑛∗ is ∆𝑁𝑒 𝑚𝑒
3/2⁄ , and 𝜀𝑟 is 
the relative dielectric constant. 
 In the case of p-type InGaAsP, we considered the intervalence band absorption 
occurring between the valence band and the spin-off band9,10.  
Using these carrier-induced absorption changes, we calculated the carrier-induced 
refractive index change using the Kramers–Kroenig relation9,10. 
Figures S7a and S7b show the contributions of the plasma dispersion effect and the other 
effects including the band-filling effect and bandgap shrinkage to the electron-induced 
refractive index change in InGaAsP and InP, respectively. The wavelength (g) 
corresponding to the bandgap energy of InGaAsP was assumed to be 1.37 m. 
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Fig. S7. Details of electron-induced refractive index changes in InGaAsP and InP. 
Electron-induced refractive index changes of (a) InGaAsP and (b) InP. 
 
 Figure S8 shows the hole-induced changes in the refractive index and absorption of 
InGaAsP, InP, and Si. InGaAsP was predicted to have an up to 3.6 times higher hole-
induced refractive index change than Si, while the hole-induced absorption of InGaAsP 
was predicted to be 4.4 times larger than that of Si owing to the intervalence band 
absorption.  
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Fig. S8. Hole-induced refractive index changes and absorption coefficient changes of 
Si, InP, and InGaAsP. a, Hole-induced refractive index changes. b, Hole-induced 
absorption change. 
 
To achieve high modulation efficiency with a small insertion loss for optical modulators, 
the ratio of the refractive index change (n) to the absorption coefficient change (k) is 
essential. Figures S9a and S9b show n/k in InGaAsP and Si as a function of the electron 
or hole density, respectively. As shown in Fig. S9a, the modulation by electrons is more 
effective than that by holes in the case of InGaAsP. On the other hand, the modulation by 
holes is more effective than that by electrons in the case of Si as shown in Fig. S9b. Since 
the presented InGaAsP/Si hybrid MOS optical modulator can utilize the electron effect 
in InGaAsP and the hole effect in Si, we can simultaneously achieve high modulation 
efficiency and low insertion loss. 
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Fig. S9. Ratio of -Δn to Δk. The ratio is the figure of merit of the efficiency of the phase 
shift caused by carriers. a, -Δn/Δk for InGaAsP. b, -Δn/Δk for Si. 
 
V. Simulation of an InGaAsP/Si hybrid MOS optical modulator 
 The carrier distributions of an InGaAsP/Si hybrid MOS optical modulator were 
simulated by Synopsys technology computer-aided design (TCAD) Sentaurus. For 
accurate simulation, the energy levels of the conduction and valence band edges and the 
effective densities of states of the conduction band and valence band of InGaAsP and InP 
discussed in section IV were used. A schematic of the simulated structure is shown in Fig. 
S10a. The equivalent oxide thickness (EOT) of the Al2O3 gate oxide was assumed to be 
5 nm, which is a typical value for state-of-the-art Si MOS optical modulators8,9. A gate 
voltage (Vg) was applied between the n-type InGaAsP and p-type Si layers. The simulated 
electron density distribution at Vg of 1 V in Fig. S10b shows clear electron accumulation 
at the InGaAsP interface. Figures S10c shows the carrier distribution at the InGaAsP/Si 
hybrid MOS interface when the gate voltage is 0 and 1 V. This distribution shows the 
carrier density in the y direction, as shown in Fig. S10b, where x is 0 μm. It can be seen 
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that electrons and holes accumulate at the InGaAsP and Si interfaces at 1 V, respectively. 
The band diagram at 1 V in Fig. S10d shows the large band bending at the InGaAsP 
interface exhibiting strong electron accumulation. 
 
 
Fig. S10 Simulation of an InGaAsP/Si hybrid MOS optical modulator. a, Cross-
sectional schematic of an InGaAsP/Si hybrid MOS optical modulator. b, Electron 
distribution at Vg of 1 V. c, Carrier distribution of the simulated structure. d, Band diagram 
across the InGaAsP/Si hybrid MOS structure. 
 
VI. Fabrication procedure of InGaAsP/Si hybrid MOS optical modulator 
 The fabrication procedure is shown in Fig. S11. After boron implantation to form a p-Si 
region on a Si-on-insulator (SOI) wafer with a 220-nm-thick Si layer and 2-m-thick 
buried oxide (BOX) layer, Si waveguides were formed by electron-beam lithography and 
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inductively coupled plasma (ICP) etching. The doping concentration of p-Si was 3 × 1017 
cm-3. Activation annealing for the boron was carried out at 1000 ºC for 2 h. Then, an InP 
wafer containing InGaAsP/InP layers was bonded on the Si waveguide using an Al2O3 
bonding interface. The doping concentration of in-situ Si-doped InGaAsP was 1 × 1017 
cm-3. After removing the InP substrate and buffer layers, InGaAsP/InP mesas were formed 
by reactive ion etching (RIE) with CH4/H2 gases. After SiO2 passivation and via 
formation, Ni was sputtered to form Ni-alloy contacts for the n-InGaAsP and p-Si layers, 
respectively. Ni-InGaAsP and Ni-Si alloys were formed by annealing at 400 ºC for 1 min. 
Finally, Ni/Au pads were formed by EB evaporation and lift-off. 
 
 
Fig. S11. Process flow of InGaAsP/Si hybrid MOS optical modulator. 
 
VII. Loss measurement of InGaAsP/Si hybrid MOS optical modulator 
To measure the propagation loss of the InGaAsP/Si hybrid MOS phase shifter, we 
compared the optical output power between the Si passive waveguide and the InGaAsP/Si 
hybrid MOS phase shifter as shown in Figs. S12a and S12b, respectively. The phase 
shifter length without the length of the taper was 500 μm. Figure S12c shows the output 
power of each waveguide. The difference in the output power was caused by the 
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InGaAsP/Si hybrid MOS structure; thus, the propagation loss of the 500-μm-long phase 
shifter was found to be 1.9 dB/mm.  
 To evaluate the attenuation increase at  phase shift, we measured the propagation loss 
of the InGaAsP/Si MOS phase shifter with various gate voltages. For this measurement, 
one of the arms of the asymmetric Mach-Zehnder interferometer was cut by focused ion 
beam etching. To obtain the attenuation increase, we subtracted the optical loss at 0 V 
from the optical loss at each gate bias. 
 
 
Fig. S12. Measured propagation loss of InGaAsP/Si hybrid MOS optical modulator. 
Cross-sectional views of (a) Si passive waveguide and (b) InGaAsP/Si hybrid MOS phase 
shifter. c, Optical loss of each waveguide. 
 
VIII. Analysis of dynamic modulation characteristics of an InGaAsP/Si hybrid 
MOS optical modulator 
To discuss the modulation bandwidth of an InGaAsP/Si hybrid optical modulator, we 
considered the device structure as shown in Fig. S13a, which was similar to that of state-
of-the-art Si MOS optical modulator reported in Refs. 18 to 20. The MOS structure with 
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n-type Si or InGaAsP on p-type Si was considered for numerical analysis. Figure S13b 
and c show the electrical field of a fundamental TE mode in a Si MOS optical modulator 
and an InGaAsP/Si hybrid MOS optical modulator, respectively.  
 
 
Fig. S13. Structure for simulation of dynamic modulation characteristics. a, Cross-
sectional views of an InGaAsP/Si hybrid MOS and Si MOS optical modulator. 
Fundamental TE modes of (b) a Si MOS and (c) an InGaAsP/Si hybrid MOS optical 
modulator. 
 
Overlap between accumulated carrier at the MOS junction and the optical mode was 
calculated by assuming a constant carrier density within an accumulation layer whose 
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thickness was given by its Debye length. To confirm the accuracy of our model, we 
reproduced the result of state-of-the-art Si MOS optical modulator reported in Refs. 18 to 
20. We estimated the following geometrical parameters of this Si MOS optical modulator: 
the waveguide width (Wmesa) was estimated to be 450 nm, the SOI and the poly-Si 
thicknesses to be 120 nm, the doping concentration to be 1 × 1017 cm-3 in each Si layers, 
the oxide thickness to be 3.3 nm, and the flatband voltage (Vfb) to be -1.2 V. Comparison 
between simulated and experimental phase shift and loss dependences with gate voltage 
are shown in Fig. S14a and b, showing a very good agreement between our model and 
experimental data. Therefore, our numerical analysis is suitable to calculate the 
performance of an MOS optical modulator.  
Then we reproduced eye diagram reported in Refs. 18 to 20 to evaluate dynamic 
modulation characteristic. In order to achieve 9 dB extinction ratio (ER) as experimentally 
obtained in Ref. 18, we estimated that the modulator total length was 360 µm, which was 
consistent with the layout data that can be guessed from Ref. 18. The driving voltage was 
set between Vfb and Vfb + 1 V, as detailed in Ref. 20 and the constant phase shift was set 
at a quadrature point. We also considered a 0 dBm available optical power prior to 
modulation and a propagation loss of 6.5 dB/mm at 0 V as indicated in Ref. 20. Only the 
segmented modulator design case was considered here. By assuming that the receiver 
stage had a typical high speed photodiode featuring a 3dB fiber-to-chip coupling loss, 1 
A/W responsivity, and 10 nA dark current21, we obtained the eye diagram modulated at 
28 Gb/s non-return-to-zero (NRZ) signal as shown in Fig. 14c. Note that in the generated 
NRZ signal, 1.8 ps jitter and rise/fall time equal to 1/3 of the signal frequency were 
assumed. In addition, noise current from the photodiode was considered, while 
photodiode cut-off frequency was supposed to have no impact on the electrical response 
39 
 
at the receiver side. The calculated ER of 9.5 dB and optical modulation amplitude (OMA) 
of 120 µW were in good agreement with data provided in Ref. 18 where ER was about 
9.3 dB and OMA estimated to 105 µW.  
 
 
Fig. S14. Calculated characteristics of a Si MOS optical modulator based on Cisco’s 
structure. Comparison between calculated data and reported data from Cisco in terms of 
(a) phase shift and (b) attenuation. c, Calculated eye diagram of a Si MOS optical 
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modulator at 28 Gb/s. 
 
To reproduce an InGaAsP/Si hybrid MOS optical modulator by this method, the overlap 
between the optical mode and accumulated carrier at an InGaAsP/Si hybrid MOS 
structure was calculated by same method discussed above. Applying the developed model 
allowed reproducing well the behavior of an InGaAsP/Si hybrid MOS device as shown 
in Fig. S15, using the doping concentration of 3 × 1017 cm-3, Vfb of -0.6 V and EOT of 5.7 
nm extracted from experimental C-V curve (See Fig. 3c). 
 
 
Fig. S15. Calculated characteristics of an InGaAsP/Si hybrid MOS optical 
modulator. Comparison between calculated data and experimental data in terms of (a) 
phase shift and (b) attenuation. 
 
We have also calculated the eye diagram of an InGaAsP/Si hybrid MOS optical 
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as shown in Fig. S14c, it can achieve 3.5 times improvement in OMA and 12 times 
improvement in ER as compared with a Si MOS optical modulator, which is owing to the 
high modulation efficiency, small absorption, and reduced access resistance due to the 
low resistivity of n-InGaAsP layer. 
 
 
Fig. S16. Calculated eye diagram of an InGaAsP/Si hybrid MOS optical modulator 
at 28 Gb/s. 
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